We report the cloning of cDNAs encoding two different human nonmuscle myosin heavy chains designated NMMHC-A and NMMHC-B. The mRNAs encoding NMMHC-A and NMMHC-B are both 7.5 kb in size but are shown to be the products of different genes, which are localized to chromosome 22q11.2 and chromosome 17p13, respectively. In agreement with previously reported results using avian tissues, we show that the mRNAs encoding the two myosin heavy chain isoforms are differentially expressed in rat nonmuscle and muscle tissues as well as in a number of human cell lines. The cDNA sequence encoding the 5' portion of the NMMHC-A isoform completes the previously published 3' cDNA sequence encoding a human myosin heavy chain, thus providing the cDNA sequence encoding the entire NMMHC-A amino acid sequence. Comparison of this sequence to cDNA clones encoding the amino-terminal one third of the NMMHC-B sequence (amino acids 58-718) shows them to be 89% identical at the amino acid level and 74% identical at the nucleotide level. (Circulation Research 1991;69:530-539) 
We report the cloning of cDNAs encoding two different human nonmuscle myosin heavy chains designated NMMHC-A and NMMHC-B. The mRNAs encoding NMMHC-A and NMMHC-B are both 7.5 kb in size but are shown to be the products of different genes, which are localized to chromosome 22q11.2 and chromosome 17p13, respectively. In agreement with previously reported results using avian tissues, we show that the mRNAs encoding the two myosin heavy chain isoforms are differentially expressed in rat nonmuscle and muscle tissues as well as in a number of human cell lines. The cDNA sequence encoding the 5' portion of the NMMHC-A isoform completes the previously published 3' cDNA sequence encoding a human myosin heavy chain, thus providing the cDNA sequence encoding the entire NMMHC-A amino acid sequence. Comparison of this sequence to cDNA clones encoding the amino-terminal one third of the NMMHC-B sequence (amino acids 58-718) shows them to be 89% identical at the amino acid level and 74% identical at the nucleotide level. (Circulation Research 1991;69:530-539) M yosin is a ubiquitous cytoskeletal protein present in all eukaryotic cells. Although best studied in tissues that manifest specialized contractile activity, such as cardiac and skeletal muscle, myosin in nonmuscle cells has been implicated in processes as diverse as cytokinesis, cell motility (for reviews, see References 1-3), secretion,4 and capping.5 There is now compelling genetic evidence that supports a role for nonmuscle myosin in cytokinesis, because cells that lack most of a particular myosin isoform lose their ability to divide. 6, 7 In vertebrates, the conventional myosin isoforms consist of a pair of heavy chains (200 kDa) and two pairs of light chains (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . In addition to the 480 kDa myosin isoforms, vertebrate intestinal brush border epithelial cells, similar to Acanthamoeba and Dictyostelium, contain a smaller myosin isoform (110 kDa) that preserves many of the functional properties of the globular amino terminal region of the myosin heavy chain (MHC) but lacks the carboxyterminal rod region (for review, see Reference 8) .
Skeletal and cardiac MHCs exist as multigene families with a large number of isoforms encoded by different genes. The two different cardiac MIC isoforms manifest different rates of ATP hydrolysis9 and may serve different physiological functions. Less is known about the MHC isoforms present in vertebrate smooth muscle and nonmuscle cells. At present, two different smooth muscle MHC isoforms have been identified at the protein level,10 and the isolation of cDNA1112 and genomic clones'3 suggests that at least three MHC isoforms can be generated by alternative splicing of mRNA. For vertebrate nonmuscle MHCs (NMMHCs), the existence of isoforms first was suggested on the basis of peptide maps by Burridge and Bray.'4 Recently, the sequence for two cDNA clones (2.8 and 0.9 kb) encoding the same region of the NMMHC in chicken fibroblasts, but that showed differences throughout this sequence, was reported.15 These authors suggested that these two clones are encoded by different genes. The 0.9 kb clone is present in the nucleotide sequence of the cDNA encoding the entire NMMHC from chicken intestinal epithelial cells reported previously, 16 In this paper we present information on the cloning and sequence of two human NMMHC cDNAs. The sequence of one group of cDNA clones encodes the 5' portion of NMMHC-A. The second group of clones encodes a different NMMHC isoform, which we refer to as NMMHC-B. We show that these two isoforms are encoded by two different genes. Chromosomal mapping using hybrid panels and in situ hybridization showed that these genes are located on different chromosomes. The gene encoding NMMHC 
DNA Isolation and Filter Hybridization
DNA was isolated from hybrid cell lines, digested with EcoRI, and size-fractionated by agarose (0.7%) gel electrophoresis. After partial depurination, the fragments were transferred to positively charged nylon membranes in 0.4 M NaOH. The membranes were hybridized at high stringency (allowing 10% sequence divergence) at 42°C with 32P-labeled probes in 50% formamide containing 5x SSPE, 5x Denhardt's solution, 10% dextran sulfate, 0.2% sodium dodecyl sulfate, and sheared denatured herring sperm DNA at 200 ,ug/ml. Membranes were washed at 55°C in 0.1 x SSC containing 0.2% sodium dodecyl sulfate. The membranes were used repeatedly after removal of the probe in 0.4 M NaOH, neutralization, and prehybridization with carrier DNA. In Situ Hybridization Experiments were performed using peripheral blood lymphocytes from a normal male (46,XY) that were cultured for 72 hours at 37°C in RPMI-1640 supplemented with 15% fetal bovine serum, phytohemagglutinin (0.5 ,ug/ml), and antibiotics. Cultures were synchronized by addition of 100 ,ug/ml 25 ,ul) , and hybridized for 20 hours at 42°C. Nonspecifically bound probe was removed by washing in 50% formamide/2x SSC (pH 7.0) for 10 minutes at 42°C and in 2 x SSC at 42°C. The slides were coated with a 50% solution of NTB2 nuclear track emulsion (Eastman Kodak Co., Rochester, N.Y.) and stored dessicated at 4°C for 9 days before developing, staining (0.25% Wright stain), and photographing. The slides were destained and G-banded with 0.03% trypsin and 0.12% EDTA41 or replication banded37 by staining with 33258 Hoechst (150 ,ug/ml) for 30 minutes and exposure to UV illumination for 30 minutes after rinsing. The slides again were stained with Wright stain, and the same metaphase spreads were rephotographed.
Results cDNA Cloning and Sequencing
A 900 bpAva I cDNA probe encoding the first 300 amino acids of the chicken intestinal epithelial cell NMMHC16 was used to obtain a single clone from a human T lymphocyte lambda gtlO library (0302, 
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LouHiiAuuLeuLyiGsiAr TyrTyrSerGlyL6el i1TyrThrTyrSurGluLniPhi 117 Detection of the human band is correlated with the presence or absence of each human chromosome in the group of somatic cell hybrids. Discordancy represents presence of the gene in the absence of the chromosome (+t-) or absence of the gene despite the presence of the chromosome (-/+); the sum of these numbers divided by total hybrids examined (x 100) represents percent discordancy. The human-hamster hybrids contained 28 primary clones and 14 subclones (19 positive of 42 total); the human-mouse hybrids represented 13 primary clones and 40 subclones (eight positive of 53 total). *Two independent human-hamster hybrids contained spontaneous breaks of chromosome 22 between IGLC (22q1l.1-q11.2) and PDGFB (22q12.3-q13.1). In one hybrid, the proximal long arm and IGLC were retained, but the myosin gene was lost, whereas the distal long arm was retained with NMMHC-A in the other hybrid that had lost IGLC. These results permit regional localization of the myosin gene to chromosome 22q11.1-qter.
was only approximately 1.5 times longer than that for 4302. The results show that each probe hybridizes differently. Despite the fact that some cross-hybridization between isoforms A and B might be expected under these conditions of stringency (0.5 x SSC, 60°C), it still is apparent that the two mRNAs are differentially expressed in a tissue-dependent manner. Moreover, similar results to those shown in Figure 4 also were obtained at a stringency of 0.2x SSC, 600C. This is similar to the findings using avian tissues.15,43 Specifically, rat intestine and thymus appear to contain more mRNA encoding NMMHC-A than mRNA encoding NMMHC-B, whereas rat brain and testis appear to be relatively enriched for the mRNA encoding NMMHC-B compared with NMMHC-A. Lung and kidney appear to contain relatively large amounts of both mRNAs. Of note are the mRNAs detected at 6.5-6.9 kb in intestine (smooth muscle), heart, and skeletal muscle cells; these bands presumably are due to cross-hybridization of the probes with the differentiated forms of the respective mRNAs for muscle myosins, which are more divergent from both NMMHC-A and NMMHC-B than are the A and B isoforms from each other. The detection of the muscle-specific mRNAs is dependent on both the reduced stringency of hybridization and the presence of these mRNAs in levels several orders of magnitude greater than the concentrations of nonmuscle myosin mRNAs in these tissues. It also should be noted that tissuespecific expression of NMMHC-A and NMMHC-B cannot be explained by cross-hybridization between these two probes but that the extent of tissue-specificity almost certainly is underestimated because of cross-hybridization.
Mapping Nonmuscle Myosin Heavy Chain Genes Using Human-Rodent Somatic Cell Hybrids Both NMMHC genes were chromosomally mapped by Southern analysis of DNAs isolated from a panel of human-rodent somatic cell hybrids using 32P-labeled cDNA and genomic fragments as probes. A 350 bp genomic intronic probe of NMMHC-A identified a 19 kb band in EcoRI digests of human DNA. No crosshybridization with rodent sequences was found. Analysis of an entire series of human-rodent hybrid cell DNAs with the 350 bp genomic probe as well as a second genomic probe (data not shown) permitted unambiguous assignment of the NMMHC-A gene to human chromosome 22 ( Table 1 Figure 2) ; HNMB, human nonmuscle MHC-B (see Figure 2) . spreads with a 3H-labeled NMMHC-A cDNA probe (4302, Figure 5 ). Metaphase spreads containing a grain on a small (G group) chromosome were chosen for analysis. Thirty-eight grains (26% of total grains) of the total 146 grains were found on chromosome 22, and 12 of the grains (32%) were specifically localized to band qll.2. The other grains were randomly distributed on chromosomes 21,Y and other chromosomes ( Figure 5C ). No clustering of grains was detected on chromosome 17.
Discussion
The results presented here show that two distinct 200 kDa MHC isoforms exist in human cells and that these isoforms are encoded by genes located on different chromosomes. The two isoforms show considerable sequence similarity. Sequence comparison of human and chicken NMMHC isoforms leads us to postulate that human NMMHC-A is a homologue of chicken FMHA, and human NMMHC-B is a homologue of chicken FMHC (Table 3 , Reference 15). Note that both NMMHC isoforms are highly conserved between the species. Indeed, the sequence identity between the human and chicken NMMHC-A (92%) and human and chicken NMMHC-B (98%) is greater than the identity between either the human or chicken NMMHC-A and NMMHC-B (89% or 88%, see Table 3 ). Thus, the conservation of sequence between the species is greater than conservation of sequence between the isoforms, which suggests a distinct function for each isoform. These distinct functions might be expected to be reflected by the differential expression of each isoform in different tissues or cell types. To investigate this, we performed the series of Northern blot analyses shown in Figures 3 and 4 . In general, the mRNA encoding NMMHC-A is more abundant than that encoding NMMHC-B in human cell lines. However, in agreement with recent studies using avian tissues, which reported an increase in the mRNA encoding NMMHC-B in brain,'1543 we show that the mRNA for B is more abundant than that for A in human neuroblastoma cells (SK-N-SH). However, the finding that glioma (Hs-683) and glioblastoma (U-138MG) cells contain relatively more mRNA encoding NMMHC-A rather than -B suggests significant differences in the distribution of these isoforms within brain tissues.
Our results with rat tissues, though not quantitative, support the findings from avian tissues which were that the mRNA encoding NMMHC-A was relatively more abundant than the mRNA for NMMHC-B in spleen and intestinal epithelial cells, whereas the mRNA encoding NMMHC-B was relatively more abundant in brain and testis. Kidney contains approximately equal amounts of both mRNAs.
Combining the sequence presented here with that of Saez et al17 gives a protein sequence for NMMHC-A of 1,961 amino acids, which is two amino acids more than the 1,959 amino acids reported by Shohet et al16 for the chicken NMMHC-A. This discrepancy results from an insertion of an extra glutamine residue within the run of five glutamine residues at amino acids 1,346-1,35016 and an insertion of alanine and serine for a single valine residue at amino acid 1,390.16 Also, all NMMHCs sequenced to date have a deletion in the area of amino acid 202 compared with the smooth muscle MHC,45 the significance of which is presently unknown. NMMHC-A has a deletion of 10 amino acids, and NMMHC-B has seven amino acids deleted.
Cloned cDNA and genomic probes of NMMHC-A and NMMHC-B have been used to localize these genes to human chromosomes 22 and 17, respectively, by Southern analysis of DNAs from a panel of human-rodent somatic cell hybrids. Furthermore, the gene for NMMHC-A has been localized to a region 22q11.2 by in situ hybridization of metaphase chromosome spreads. The NMMHC-B gene was localized further to a region 17p13 by analysis of hybrids constructed from parental cell lines containing a translocation involving this telomeric band. The extent of cross-hybridization between NMMHC-A and NMMHC-B, under conditions of high stringency, was negligible and therefore allowed localization of the NMMHC-B gene using the corresponding cDNA probe. 
